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Abstract 
CAD systems being used now are designed mainly to be used by single users for routine designs and conducting engineering 
analysis on those designs. In this paper we propose a CAD system that is used to facilitate the conceptual-embodiment design stage 
in a collaborative manner. This system will enable designers to efficiently exchange their ideas during the early design stages 
through updating other designers with the progress of other designers. This means that designers are free to choose their own design 
paths and then converge the design into a chosen design that they deemed best for the problem at hand. This approach is designed 
such that the creativity of each designers can be showcased while simultaneously limiting the resources that are used in designing 
each potential solutions. Lastly, we will also show the further planned development for the proposed system.  
© 2016 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Professor Lihui Wang. 
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1. Introduction 
 
Computer Aided Design (CAD) technologies have 
improved tremendously in the past few decades and as such 
they are now being heavily and widely used in the product 
design process, especially in the design process of valuable 
mechanical products. Currently popular CAD systems are well 
suited to be used in the detail design phase of the product design 
process. CAD systems, with the use of parametric modeling 
and constraint based modeling, greatly simplify the process of 
generating and documenting a finished model of a designed 
product. These systems are also very well equipped to conduct 
various engineering analyses on the generated product model. 
Conversely, there are still little CAD technologies that are 
used in the earlier stage of the design process, namely the 
functional design, conceptual design and embodiment design 
stages. Earlier resarch by [1] has concluded that there are 
relatively minimum CAD support for these design processes, 
and the condition is still very much the same now. These stages 
of the product design process are highly unstructured ill-
defined problem solving cases, especially for non-routine 
designs of a new product, and as such it is harder to support 
with the widespread CAD technology that we have now. Fig.1 
shows the difference between the product design phases and 
their CAD support. Clearly there is a need for further 
development for CAD systems to be used in the early product 
design processes. 
Goel et al. [2] has concluded that future CAD systems 
should be developed by taking into account 4 key 
aspects,which they named the 4 C’s. Those aspects and their 
brief explanation is as follows :  
x Collaborative; The global market has opened up and it 
encourages cooperative and collaborative actions 
betweeen different parties located in different 
geograpichal areas and time zones. These collaborative 
activities will be present in product design as well and 
thus CAD systems must be able to support these activities 
in the future. 
x Conceptual; Since 10 years ago, [2] has concluded that 
CAD system support for the conceptual design phase is 
still lacking. Current CAD systems has already provided 
extensive support for detailing designs, therefore it is 
logical that in the future CAD systems should support 
more conceptual design processes. 
x Creative; Current CAD systems are already excellent at 
documenting and detailing designs, but in the future CAD 
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systems should also be able to suggest creative initial 
ideas that will help the designer to solve the problems that 
they face. 
x Cognitive; CAD systems should be able to utilize and take 
into account the researches that have been done in the 
field of human cognitive processes, thereby alleviating 
the mental burden and accelerating the mental processes 
that designers must make when they are designing. 
This paper will then propose a CAD system that can be 
used to support the functional-embodiment phase of the 
product design process. The following sections of this paper 
will contain the results of literature research done during this 
research, the overview of the CAD system that will be 
developed – with an emphasis on how the system encourages 
designers to exchange ideas during the design process, and 
the future development of this research.
 
2. Literature Research 
 
In the following sections we will present some literature 
research on the key concepts mentioned above, namely 
collaborative CAD systems, conceptual and creative CAD 
systems, and cognitive models with a focus on Co-evolution 
theory. 
 
2.1 Collaborative CAD Systems 
 
Many researches have been done with the topic of 
collaborative CAD systems using many different technologies. 
Collaborative activites can be broadly organized into 2 
different activities, Coordination and Cooperation activites [3]. 
Coordination activites are activities where different designers 
work on parts of the same product and at the end those parts 
will be assembled into a complete product. On the other hand, 
Cooperation activities are activities done by different designers 
on a one product, as a whole complete product or as a part of a 
bigger assembly, at the same time. 
A popular approach taken in this field, such as by [4,5] 
focuses on constraints settings by different designers. These 
constraints will then be propagated to all of the designers 
involved and every contraint violation will be broadcasted to 
each concerned designers. These designers must then negotiate 
to find a satisfying solution to those conflicts. These types of 
researches can be categorized as coordinative activities. 
Other researches, such as done by [6,7], try to solve the 
persistent naming problem, a significant problem in the 
collaborative CAD area that emerges from the interacting 
modeling operations of different designers. Traditionally, this 
problem is solved by file locking mechanisms. By restricting 
access to the files that is being worked on, conflicts between 
subsequent operations can be minimized. These types of 
researches usually work with the same file, so they can also be 
categorized into coordination activities. 
 
2.2 Conceptual CAD Systems 
 
Conceptual design is a very broad process and involve 
different activities. Therefore it is difficult to create a precise 
CAD system that can support this design phase. Researchers 
seem to assume that in conceptual design for mechanical 
products, designers usually have a basic structure in mind 
Fig.  1. Phases of design activity and their CAD support 
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based on skeletal models, primitive geometries or previous 
designs [8,9,10,11]. These geometric entities are not yet 
imbued with complex contraints, as they are mostly added in 
later design stages. As such they focus on different aspects of 
the conceptual CAD design, such as the technical process of 
creating such geometries, ensuring the continuity of 
information between the conceptual and detail design phases, 
and reviewing the created conceptual designs. 
Other researches focus more on the concept generation 
itself. At this point these researches have started to overlap with 
the creative and cognitive CAD system researches described in 
the section below. [12] has developed a CAD system for 
Servive/ Product Engineering, while there are also researches 
on the computer aided TRIZ system developed by [13] and the 
computer aided collaborative shared design thinking platform 
developed by [14], to name just a few examples. 
 
 
2.3 Creative and Cognitve CAD Systems 
 
 
Creative CAD systems are CAD systems that are able to 
assist designers by giving creative alternative solutions for the 
problem at hand. Usually this is done by providing a creative 
database containing solutions. such as in [2] and [15,16]. When 
paired with functional decomposition techniques, these 
database can then be matched to find structures that could 
realize the required functions.  
In trying to create these kind of systems, researches, such as 
by [17,18,19], are also being done to clarify what is meant by 
“creativity” and how can interacting with design tools affect a 
designer’s creativity. These researches try to bridge the gap 
between cognitive creativity theory and the practical tools that 
designers use in the creative process itself. 
 
 
2.4 Co-evolution Design Theory 
 
The Co-evolutionary Design theory is one of the cognitive 
models that illustrates how the human mind works when they 
are designing something. It is first developed as a 
computational model by Maher [20] as an extension of the 
genetic algorithm (GA) model. By iteratively searching both 
the problem space and the solution, this algorithm is designed 
to turn an ill-defined GA problem into a well defined GA 
problem and its respective solution. Further researches [21, 22] 
involving real design case studies conclude that this model can 
also be translated into a cognitive model. Furthermore, it has 
also been shown that this model adequately describes not just 
an individual designer’s cognitive activities, but this model also 
holds true for group design activities [23]. 
Conventional understanding describes that after seeing the 
requirements for the designed product, designers will first form 
an initial solution. Through successive iterations of analysis 
and development this solution will gradually ’evolve’ into the 
final solution. The Co-evolution Design Cognitive theory states 
that beside this process there is also another evolution process 
at work, which is the evolution of the requirements itself.  
This means that after examining a temporary solution, 
designers can refine the solution into a more detailed solution 
or re-examine and change the problem requirements itself. 
Designers do not just focus on the temporary solution that they 
have at hand but actually explores both further possible 
solutions and the requirements that led to the temporary 
solution at hand. This change of exploration space (between the 
solutions space and requirements space) can be done in both 
ways, so that analysis of a temporary solution can lead to a 
change of requirement and conversely examining the 
requirements can lead to a possible solution idea. In the end, as 
the designers come closer and closer to the final solution, both 
the problem and the solution will “co-evolve” along with the 
design process, as shown by Fig.2.  
 
3. Proposed CAD System 
 
The proposed CAD system is developed by taking into 
account the 4 basic concepts that we have mentioned before : 
Conceptual, Collaborative, Creative and Cognitive. The 
proposed CAD system is designed to be used in the conceptual-
embodiment design phase. It is designed as a collaborative 
system that involves multiple users and it is also designed in 
such a way such that each designer should be able to creatively 
generate their own solutions and exchange these ideas for the 
problem that they face. Lastly, the proposed system takes into 
account the human cognitive process when desiging, as 
explained by the Co-Evolutionary Cognitive Design Theory 
stated before. 
Fig.  2. Co-Evolutionary Cognitive Design Theory, adapted from [22] 
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3.1. Overview and Workflow 
 
The proposed CAD system is designed to support the 
conceptual-embodiment design phase. At this stage of the 
design, designers should already have a list of requirements 
that should be fulfilled by the product, usually in the form of a 
list of functions made through functional decomposition of the 
product idea. Their task is to find and choose basic engineering 
structures that can fulfill these requirements and arranging 
them into the appropriate sub-modules, components and 
interfaces. This basic engineering structure is usually 
represented in a 3D model, although without detailed 
constraints and dimensions. 
According to the cognitive design theory, the designers will 
examine and modify both the problem space and the solution 
space (the functional requirements and the product model).In 
accordance with the model, our proposed system will also 
consist of an integrated system that allows the designers to do 
both of those. In other words, the system will consist of a 
functional decomposition module representing the problem 
space and a 3D modeler representing the solution space. 
Designers are free to change and evolve their solutions and also 
to change and evolve the list of requirements as they see fit.     
After starting with creating a list of functional requirements, 
designers should then choose one or a group of functions or sub 
functions, and then design the corresponding physical 
engineering structure that can realize that function. This is done 
recursively until all the functions has been realized by one or 
more corresponding physical structures and the whole product 
has been completed and assembled.  
The CAD system will have a special module to ensure that 
information between the designed parts and their intended 
functions are maintained. This module will also be responsible 
to ensure the continuity of information between all the versions 
of the functional requirement lists and the designed solutions 
as they evolve through the design process. Fig. 3 depicts the 
workflow of the proposed CAD system.  
In summary, the proposed system should at least consists of 
3 modules: the Model Design Module, the Data Management 
Module and the Functional Decomposition Module. These 
modules will be linked by a Communications Module that will 
enable each designer to connect with other designers involved 
in the same project and with all of the functionalities that each 
module provide. Fig.4 depicts the module that is contained 
within the proposed CAD system.  
A brief explanation on each module is as follows: 
x Model Design Module  
This module is the core of the proposed CAD system and it 
represents the Solution Space from the Co-evolution Design 
Theory. It will be built using a geometric 3D CAD modeler so 
that it can produce a loosely constrained 3D model of the 
physical structure that realizes the product functions. A 
Communication Submodule is contained within this module to 
allow designers to connect with each other during the design 
phase, thereby enabling a seamless exchange of design ideas. 
Further discussions about this module will be done in the next 
subsection. 
 
 
x Functional Design Module  
This module represents the problem space from the Co-
evolution Design Theory. With this module, designers could 
freely list the functional requirements that are supposed to be 
realized by the designed product. The functional requirements 
will be represented in graphic form to facilitate clarity and 
hierarchy of functions. All designers involved could then 
modify the functional requirements along with the design 
process. Modifications made to the requirements list by one 
designer will be relayed to all designers involved and will only 
be done with the approval of all designers involved.  
x Data Management Module 
This module maintains the information between each 
function or group of functions and the designed physical 
structure (modeled as parts or sub-assemblies) that will realize 
those functions. It is essentially a database that will make sure 
each function listed on the Functional Requirement List has a 
physical structure that will realize it. This module is needed to 
maintain information between each successive versions of both 
the problem space and the solutions, because as the design 
process progresses, both the Functional Requirements List and 
each of the designer’s solution will evolve as well.  
 
3.2. Collaborative Process 
 
Our proposed system is a collaborative CAD system that 
enables multiple designers to work together and share their 
ideas in designing a product. As such it is important for all 
involved designers to be able to exchange their ideas, both for 
the evolution of the functional requirements and for the product 
model (solution) itself. 
As stated before, for the functional requirement list all 
designers will have access to modify the requirement list as 
they see fit. Modifications made to the requirements list by one 
designer will be relayed to all designers involved. This way, all 
designers will be involved in a discussion when one of the 
designers have an idea for a change of requirements. The 
changes to the list itself will only be done with the approval of 
all designers involved. 
The same principles are applied for the modeling side. Each 
designer will be given a personal modeling space so that each 
one can design the best solution that they think will fulfill the 
requirements. Every designer involved will be able to see the 
solutions of other designers at all times, but they will not be 
able to modify the solution of other designers. 
If there are different solutions among the designers 
involved, each designer could freely elaborate on their solution 
until they have reached a sufficient level of detail. To enhance 
system performance, updates on alternative solutions will not 
be done in real time, but only when the corresponding designer 
chooses to share their update with other designers. This way, 
every designer has a freedom to modify their solution without 
burdening the system with unnecessary information updates. 
At this point the designers compare the possible solutions 
and decide which solution is the most suited to solve the 
problem. The chosen solution will be saved and copied to every 
designers’ modeling space. The modeling process could then 
restart with the agreed upon model until the final solution is 
reached. If each designer created a similar looking solution, 
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then the designers would just have agree on the important 
parameters of the generated model that would best fit the 
problem. Fig. 5 illustrates the proposed collaborative method. 
Currently work is being done using Solidworks 3D CAD 
system to realize the Model Design Module. Fig. 6 illustrates 
the aim of the proposed system. On one window a designer 
could work on his/her solution for realizing the chosen 
function, while the other window depicts a solution from 
another designer involved in the same project. If the other 
designer make changes or further develops his/her solution, 
then the model will be automatically updated to reflect that 
change.    
Discussions can be made easily as every designer is exposed 
to the ideas of other designers. When conclusion is reached as 
to which solution will be chosen, clicking a button will save the 
chosen solution and send the chosen CAD model to every 
designer. This way further developments can be started from 
the same base solution agreed upon earlier. 
As the software is traditionally a single user software, 
further programming through the VB.NET environment must 
be made such that online connections between designers can be 
established and the aforementioned functions can be 
performed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  3. Workflow of proposed CAD system 
Fig.  4. Components of the proposed CAD system 
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4. Discussion and Future Works 
 
The exchange of ideas in the collaborative process is 
enabled by the Model Design Module. Through this module, 
every designer can see the solution of other designers while 
simultaneously giving the freedom for each designer to develop 
their own solution. It is hoped that this exposure to other 
possible solutions will stimulate the designer’s creativity, 
giving them more solution ideas that they would not have been 
able to conceive alone.  
This approach allows us to bypass entirely some of the 
problems that have been encountered in collaborative CAD 
systems, such as the persistent naming problem or the deadlock 
in file locking mechanisms. These problems occur because 
simultaneous designers are trying to modify the same CAD 
files concurrently. The proposed approach gives each designer 
the freedom to develop the model as they see fit and then 
converge the different results that may have appeared by 
forcing them to discuss and choose the best possible solution 
from all the different outcomes. 
Compared to other researches in the same field, such as by 
[4, 5], those researches aim to simplify the process of 
coordination collaborative activities, where several designers 
are independently designing (detailing) a part of a whole 
product. The proposed system is to be used in the earlier phase 
of the design process, where a group of designers must first 
agree upon a basic product solution containing parts that can be 
detailed further.  
Designer A
Designer B
Model 1.A
Model 1.B
Collab - 
Model 1
Model 2.A
Model 2.B
Collab - 
Model 2
Write Access
Read Access
Comparing
Agreed 
Progress
Fig.  5. Proposed Collaborative Method 
Fig. 6 Model Design Module Interface 
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As the Model Design Module is still currently in 
development, there are still a few problems that must be 
addressed. The file sharing mechanism of the module could be 
implemented by a server based system or a P2P (peer to peer) 
based system. It is hoped that by using a popular CAD software 
the system will be more familiar and easier to use by 
experienced designers. 
When the Model Design Module is finished, more work will 
be done to realize both the Functional Design Module and the 
Data Management Module. 
Functional decompositions of a product can be easily 
depicted as a hierarchy of functions, therefore simple diagram 
and flowchart maker softwares can be used to realize the 
Functional Design Module. There are already various 
softwares in the market that can be used for this purpose (such 
as Microsoft Visio or similar functioning softwares) or it can 
be created using programming language as a definable 
knowledge base such as seen in [8]. Just like the Model Design 
Module, this module must be accesible to all designers 
involved in the design process so that it can be used in a 
collaborative manner. As such, this module must also contain 
much of the collaborative functions on the Model Design 
Module. 
Data Management Module can be realized by using simple 
database programs (such as Microsoft Access, Mysql, etc). The 
database will record the relations between each design project, 
functional requirement list, and conceptual product model. 
During each project, there can be many different versions of 
product model, as designers continue to evaluate their ideas for 
the best solution. The same will be true for the functional 
requirement list as it changes during the design project. 
Information between these versions of the problem space and 
solution space will also be kept in the database, so that the 
history of the design process can be preserved in the system.   
It should also be noted that many of the technologies 
mentioned in this paper have already existed for quite 
sometime. The contribution of this research is to combine and 
integrate those technologies in such a way so that it can be used 
as a cohesive CAD system adhering to the 4C principles and 
the Co-evolution Cognitive Design Theory discussed at length 
before. The 4C principles itself was coined to predict the future 
of knowledge-based CAD system [2], but we felt that the same 
principles could be applied all CAD systems in general. It is 
hoped that the resulting system will then provide a 
comprehensive and collaborative environment for the 
conceptual-embodiment design phase, enabling designers to 
exchange ideas in a more efficient manner compared to the 
common practices used nowadays.  
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